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 Polydimethylsiloxane (PDMS) based microfluidic devices contain micro-scale 
channels, which are used for routing fluids in bio-chemical analysis. The existing methods 
for producing such microfluidic devices are highly labor intensive and require expensive 
materials (e.g. silicon wafer) and processes (e.g. photolithography). An alternative 
approach is to use a machined metal mold for curing the PDMS layers, which are then 
assembled into a device. Aluminum molds allow for greater durability and longevity 
compared to silicon wafers. 
 Robotic automation can further reduce cost and increase productivity; however, no 
known existing methods for automation of microfluidic devices are available. This thesis 
investigates innovative methods for automating the process of creating and assembling the 
PDMS layers used to produce microfluidic devices. Robotics can be used to automate many 
of the steps involved in making the devices, including curing the PDMS polymer. 
However, the process of removing the PDMS from the mold currently involves human 
manipulation. This requires innovative methods to be developed in order to enable robotic 
automation of PDMS microfluidic device layer removal from a metal mold. 
 To allow for successful robotic removal of the PDMS device layer from the mold, 
the adhesion between the PDMS and metal mold must be de-bonded, followed by a peeling 
operation. This thesis discusses the experimental evaluation of different methods for 
robotic de-bonding and peeling of cured PDMS layers from a machined aluminum mold. 
 Successful automation equipment should be cost effective to produce, involving 
reusable equipment or low-cost disposable supplies. Testing involved 3D printed parts for 
 xi 
prototyping. Initial methods utilized mechanical devices to lift and remove the PDMS from 
the mold. Continuous refinements progressed toward a two-step method of de-bonding 
with pressurized air from a needle, followed by peeling with a suction cup. Controlling the 
air pressure and manipulating the suction cup required systematic testing and force 
analysis. This thesis details the characteristics associated with PDMS removal, and the 




Microfluidics is the study of controlling and manipulating the flow of fluids through 
a network of micro-scale channels contained in a device designed for bio-chemical 
analysis. These micro-scale channels allow for optimized utilization of expensive 
medicines during research and development. This is due to the increased surface area to 
volume ratio as the dimensions are reduced. Therefore, an increased rate of interaction will 
occur between the medicines and the cells they are intended to treat [1]. Microfluidic 
devices can be made with plastics, glass, and elastomers. One common method of creating 
microfluidic devices is the use of a molded silicone polymer, such as Polydimethylsiloxane 
(PDMS). PDMS is used due to its optical clarity, ease of molding, and its chemical stability. 
Microfluidic devices are usually made using molds produced by photolithography on a 
silicon wafer. This process involves coating a wafer with a photoresist, such as MicroChem 
SU-8, and using a mask to create the desired channels. PDMS is then spin-coated on the 
silicon wafer with channels. The final steps are to cure the PDMS, remove from the mold, 
and lastly bond to a glass or PDMS substrate to enclose the channels.  Alternatively, 
microfluidic devices can be molded and cured using a hot embossing method, pressing a 
heated master mold onto partially cured PDMS, until curing is complete. Figure 1 below 
shows the current process of producing the mold and microfluidic device. 
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Figure 1 - Current production process of mold and microfluidic devices [26] 
The current process of producing microfluidic devices is an entirely manual process, 
involving many steps, as well as expensive materials. One method of reducing the cost is 
to create the mold out of machined metal, rather than by photolithography. The metal mold 
is much cheaper to produce, does not require a clean room environment, and allows for 
virtually unlimited molding replications of PDMS. In contrast, the photoresist channels can 
only be used for molding and curing PDMS 25-50 times, before beginning to break down, 
and require a new silicon wafer with repeated photolithography. Metal molds also allow 
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for higher curing temperatures, which reduces the time required. The SU-8 photoresist is 
only capable of withstanding temperatures up to 80 degrees Celsius. At that temperature, 
PDMS requires 30 minutes to fully cure. In contrast, PDMS can be cured in only 10 minutes 
at 120°C, a temperature very obtainable with a metal mold. 
The use of a metal mold reduces more than half of the overall steps involved in 
producing microfluidic devices, given that the photolithography process is more involved. 
This method, with reduced steps and greater mold longevity, makes it practical to perform 
robotic automation of the entire production process. While the process may appear to be 
suitable for automation, there has been no published research on the specific tasks and/or 
equipment required to enable robots to substitute human manipulation in microfluidic 
device production. 
1.2 Motivation 
 The field of microfluidics is continuously growing, as biomedical research and 
knowledge expands. However, production of microfluidic devices remains a tedious and 
time-consuming process. This requires graduate students, scientists and engineers to 
dedicate a portion of their time performing these repetitive tasks, rather than on their 
intended research. 
 Robotic automation of microfluidic device production would allow for lower 
material costs, and greatly reduced labor costs. With the reduced cost of entry-level 
robotics, and recent advancements in control techniques, it is feasible to create an 
automated system for the production of microfluidic devices for corporate and university 
research laboratories. With this objective in mind, the processes must be compact, 
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simplistic, flexible, and highly reliable. Additionally, affordable robots and flexible 
equipment is required to make the system practical for the application and end user. 
 While the use of microfluidic devices allows for reduced research and development 
costs of bio-medical testing, the expenses and time commitment of device production can 
hinder progress [3]. A fully automated process for producing microfluidic devices would 
reduce the costs to only the initial price of a machined open mold, and the relatively small 
cost of PDMS polymer per device.  
1.3 Research Objective 
The objective of this thesis is to study the feasibility of automating a key step in the 
PDMS-based microfluidic device production process utilizing a machined metal mold. 
Specifically, the process of de-bonding and removing (via peeling) the cured PDMS layer 
from the metal mold is a challenging task due to the presence of adhesive bonding forces 
between the PDMS and the mold. In order to achieve these goals, innovative mold-making, 
and automated PDMS layer removal methods are required and form the central focus of 
this thesis. 
 The specific research objectives of this thesis are the following: 
1. Develop a machining process to produce a suitable metal mold for microfluidic 
device 
2. Develop and evaluate methods for automated removal of a cured PDMS layer 
from the metal mold 
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1.4 Approach 
 The main research objective of this thesis is to develop an effective approach for 
producing the PDMS layers used to construct a stackable microfluidic device. However, 
first a metal mold with properties applicable for microfluidic devices must be produced. 
The initial approach is to utilize a mechanical machining process such as milling to create 
a metallic (aluminum) mold. This involves identifying suitable machining conditions to 
produce an aluminum mold of suitable quality. The next step involves developing the 
procedures to mold the PDMS in the metal mold.  As part of this step, important 
characteristics of PDMS including its adhesion to the mold, as well as elasticity and 
durability are analyzed. These factors play critical roles in the approach used to remove the 
PDMS from the mold. Various low-cost and simple methods for robot-aided removal of 
the molded PDMS layers are then proposed and experimentally evaluated to determine 
their advantages and drawbacks in order to identify the ideal approach for mass automation. 
1.5 Thesis Outline 
 The structure of the thesis is as follows. Chapter 2 details prior research and relevant 
knowledge in the field of general adhesion and peeling, as well as in microfluidic device 
production. This provides for a strong fundamental understanding of the current processes, 
and for a potential solution for robotic automation. Chapter 3 discusses the machining 
(milling) of aluminum molds, and the resulting mold characteristics as a function of the 
machining parameters. Chapter 4 introduces initial methods for peeling the cured PDMS 
from the molds, including findings associated with each method. Chapter 5 presents the 
results of refined methods for removing cured PDMS from the mold. Specifically, this 
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includes a two-step removal process of de-bonding the PDMS from the metal mold, 
following by a robot-aided peeling process. Chapter 6 concludes the thesis, discussing 
primary findings for a path forward in microfluidic device production. Lastly, Chapter 7 
discusses future developments and recommendations, specifically in the area of robotic 
optimization to allow for a broad user base.  
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 LITERATURE REVIEW 
2.1 Introduction 
 This chapter discusses existing literature in microfluidics, specifically in the areas 
of mold machining, and characteristics of de-bonding and peeling PDMS. There is 
considerable existing knowledge in the area of machining methods for producing 
microfluidic device molds. This encompasses the processes of creating the molds, as well 
as steps for curing PDMS in the machined molds. Due to the entirely manual production 
process for microfluidic devices, there is no published research on specific PDMS removal 
methods. However, there is literature discussing the general peeling properties of PDMS 
and other adhesive materials. This knowledge can be used to guide the research approach 
for automated removal of PDMS from the mold. 
2.2 Polymer-based Microfluidic Device Fabrication 
 Microfluidic devices can be fabricated using a variety of materials, including glass, 
plastics, and silicone polymers [2]. Over the past decade, PDMS has become the standard 
material used in microfluidic device production, due to the ease of molding and bonding. 
There are numerous methods of creating the channels in microfluidic devices, from hot 
embossing to injection molding [3]. Hot embossing is one of the most common methods, 
involving pressing a heated silicon mold with protruding channels into a plastic, such as 
Polymethyl methacrylate (PMMA) to melt the desired channels into the material. Similarly, 
soft lithography is the same process, but instead is used to cure “soft” elastomeric materials, 
such as PDMS. Both methods involve creating protrusions on a silicon wafer to mold the 
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channels in the device. These channels are created by coating the wafer in a photoresist 
material, which cures under ultraviolet (UV) light. The shape of the channels is produced 
by covering the wafer with a photomask, that only allows light to pass through in the 
desired locations. This cures the channel protrusions to be used for molding the polymer. 
The remaining uncured photoresist is rinsed away to create the final mold. The benefits of 
photolithography on a silicon wafer include the ability to produce channels with accurate 
dimension and a smooth surface finish. Additionally, photolithography allows for ease of 
prototyping and low cost for short runs. In comparison, injection molding typically costs 
$20,000 to $30,000 for one mold [2]. 
2.3 Machined Metal Molds 
 Creating microfluidic devices with machined metal molds has become a more 
common method due to the reduction in time, cost, and equipment required [11].  Metal 
blocks are machined as a positive master mold, recessed in a pocket, into which the uncured 
PDMS is poured. Similarly, metal or plastic blocks can be machined and pressed/stamped 
into partially cured PDMS until curing is complete. For both methods, positive protrusions 
in the mold create the channels in the PDMS. The PDMS layer is then bonded to a substrate 
of glass or PDMS to enclose these channels. Figure 2 illustrates machining of the positive 
mold and pressing into partially cured PDMS. 
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Figure 2 - Machining of microfluidic master mold for fabricating microfluidic device. (a) 
positive master mold is milled; (b) mold is pressed into partially cured PDMS; (c) cured 
PDMS is separated from mold; (d) PDMS layer is bonded to glass substrate to enclose 
channels [11] 
 This article demonstrates the ability for molding PDMS with a machined (milled) 
mold, replacing the use of photolithography [11]. For machined molds to substitute silicon 
molds, ideal conditions for surface roughness and tolerance must be met. There is existing 
literature on the effects of machining parameters on surface roughness for general cutting. 
Additionally, existing literature details the effects that surface roughness has on the 
adhesion and bond strength between PDMS and metal molds. As a benchmark, silicon 
molds have a very smooth surface in the range of 0.1 to 0.4 nm Sq. [17]. A smooth molding 
surface for microfluidic devices is important for promoting optical clarity and improving 
bond strength [14]. While it is not reasonable to expect the same surface finish as a polished 
silicon mold in a machined metal mold, it is desirable to obtain similar properties. 
 A study was performed by Yousuff, et al., on the optimal cutting parameters of a 
micro milling process used to produce an aluminum mold for microfluidic devices [12]. 
The study measured the effects of the micro milling parameters on both surface roughness 
and bond strength between the molded PDMS and various substrates. Micro end mills of 
diameter 200 µm and 400 µm were tested, with spindle speeds of 10,000 to 20,000 rpm, 
 10 
and feed rates of 50 to 150 mm/min. Axial depths of cut of 5, 10, and 15 µm were also 
evaluated. The study found that the feed rate had the greatest impact on surface roughness, 
and the depth of cut had the least impact [12]. The specific cutting parameters tested that 
resulted in the smoothest finish with the 200 µm diameter end mill was the following: 
20,000 rpm spindle speed, 50 mm/min feed rate, 5 µm depth of cut. These results show 
that a higher spindle speed, slower feed rate, and smaller depths of cut will result in the 
lowest values of surface roughness. With these parameters, the lowest arithmetic average 
surface roughness (Ra) was 0.169 µm. Conversely, the opposite cutting conditions with 
lower spindle speed, faster feed rate, and larger depth of cut, with the 400 µm diameter tool 
resulted in a surface roughness of up to 0.389 µm. The results also showed that the 200 µm 
diameter tool yielded 30-40 percent lower surface roughness than the 400 µm diameter 
tool. This can be attributed to the larger diameter tool removing more material, resulting in 
larger burrs [12]. 
 One of the main effects of surface roughness is on the bond strength of PDMS with 
different substrates [12]. With a smoother surface, there is greater contact area between the 
bonding surfaces. This relationship between mold surface roughness and bond strength 
between PDMS and different substrates is shown in Table 1. 
Table 1 - Effects of surface roughness on bond strength [12] 
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 The table presents three different methods of bonding PDMS layers, including 
plasma treatment, UV-ozone, compared to partially cured PDMS as an adhesive layer 
(which is then cured). For plasma treatment, there is a 30 to 40 percent reduction in bond 
strength when the surface roughness increases from 0.17 to 0.4 µm. Given that microfluidic 
devices route fluids between the molded PDMS layer and the substrate, a strong bond is 
critical for ensuring leakage does not occur. 
 Additional work has been published using metal molds for hot embossing PDMS 
and PMMA for rapid fabrication of microfluidic devices, using readily available equipment 
[5]. These publications, however, do not go into depth regarding the ideal machining 
parameters and the effects on surface roughness. Instead, they adopt a slower feed rate and 
higher spindle speed within the capabilities of the machine tool used. 
2.4 Adhesives and Peeling 
 Speed and Adhesive Energy 
 While previous attempts on automated peeling of microfluidic devices has not been 
reported, existing literature can offer insight into potential methods. Transfer printing 
involves transporting inks or miniature structures between substrates. One method of 
performing this is by controlling the kinetic energy to adjust the levels of adhesion[19]. 
Structures can be transported using a rate sensitive elastomer, such as PDMS. By increasing 
the velocity of an elastomer, the adhesive energy increases [20]. In the application of 
transfer printing, an elastomeric stamp is placed on a structure that is to be transported. The 
stamp is then retracted at a high velocity, which provides for an increase in adhesion 
between the stamp, and the object. This overcomes the adhesive and gravitational forces 
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between the object and the substrate it was resting on, which allows it to be lifted. The 
structure is then placed at the desired location, where the stamp is then retracted slowly. 
This slow retraction has a lower level of adhesion between the stamp and object, allowing 
the structure to be released. Figure 3 shows the steps of transfer printing with an elastomeric 
stamp. 
 
Figure 3 - Steps of transfer printing with an elastomeric stamp [19] 
 This relationship was determined mathematically by rolling a steel cylinder down 
a wedge-shaped elastomer. As acceleration due to gravity acts on the cylinder, the adhesive 




Figure 4 - Effect of separation speed on energy release rate [19] 
 The principle discussed here provides guidance when automating the peeling of 
PDMS based microfluidic devices from their mold. Therefore, to assist in peeling PDMS 
from a metal mold, slower separation speeds are preferred. 
 Peel Angle 
 In addition to separation (or peeling) speed, the peel angle is a factor that should be 
investigated to optimize the automation process. A low peeling force is again desirable to 
minimize potential damage to the PDMS layer. A test was performed where PDMS squares 
sized at 0.06” x 0.06” x 0.01” were peeled from a PMMA substrate, with varying peel 
angles [29]. Figure 5 illustrates the experimental setup used for peeling. 
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Figure 5 - Illustration of setup for testing peeling forces as varying angles [29] 
 Several peel angles were tested, including the angles represented in the figure 
above, namely 30 and 150 degrees, relative to the surface from which the PDMS is 
peeled. It was found that peel angles less than 90 degrees resulted in higher forces than 
when the angle was greater than 90 degrees. One test at a peel angle of 30 degrees and a 
speed of 1 mm/s resulted in a force per edge of approximately 350 mN/mm, compared to 
only about 10 mN/mm at a 150-degree peel angle [29]. This considerable decrease in 
peeling force can be attributed to the surface area of the adhesive that is under load 
during peeling [22]. Specifically, at lower peel angles, the elasticity of the material 
extends the peeling force inward toward a greater portion of the film. This in turn 
increases the adhesive energy. Conversely, a high peel angle applies force to only a thin 
area along the leading edge of the peel, which can greatly reduce the peeling force as 
discussed above. 
 15 
2.5 Bond Strength 
 For PDMS to successfully be peeled from the mold, an understanding of the 
adhesive bond strength between the cured PDMS and various substrates must be obtained. 
Bond strength, measured in terms of the force per unit area of adhesion, provides guidance 
on potential removal methods, as well as concepts that can be eliminated. Tests were 
conducted to test the bond strength of PDMS on various substrates [25]. Bond strength was 
measured by inserting an air tube into bonded PDMS samples and subjecting them to 
increasing pressure until the bond strength was exceeded. Figure 6 shows the experimental 
setup with PDMS sample and the pressurized air source. 
 
Figure 6 - Experimental setup testing bond strength using pressurized air [25] 
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 The study found that PDMS bonded to silicone has a strength of 340 kPa, while 
PDMS bonded to aluminum has a strength of 269 kPa for a PDMS to cross-linker ratio of 
10:1, which is typically used in microfluidics.  After de-bonding, the adhesive forces are 
greatly reduced, to only the natural self-adhesion of PDMS. This adhesive strength is only 
35 to 50 kPa. This reduction of bond strength will allow for improved workability of the 
PDMS to be removed from the mold. This study provides both knowledge of the bond 
strength, as well as an approach to de-bonding the PDMS. 
2.6 Summary 
 Existing literature provides general guidance for machining metal molds, with 
lower feed rates and higher spindle speeds creating a low surface roughness for 
microfluidic devices. While specific automation methods are not publicly known, 
characteristics of PDMS, including adhesive properties are detailed. These characteristics 
include that the adhesion of elastomers increase with increasing rate of peel/retraction [19]. 
Additionally, increasing the peel angle between PDMS and the substrate it is being peeled 
from, decreases the force required [29]. Previous studies to measure the bond strength of 
PDMS to various substrates used pressurized air from a tube to expel air between the 
PDMS and the mold [25]. The existing literature assists in determining methods and 
processes that are suitable for automation. 
  
 17 
 MOLD MACHINING 
3.1 Machining Parameters 
Before progress can be made on the automation aspect of the research, a metal 
mold, made of 6061 aluminum, must first be created. The literature search on mold 
machining provided limited guidance, specifically of the tools used, as they were restricted 
to very small diameter end mills. This requires that first the proper machining conditions 
must be determined. In order to best match the existing silicon wafer photolithography 
methods, a low surface roughness and tight tolerancing must be achieved. Molds for 
microfluidic devices are the positive master of the PDMS device. Therefore, making the 
channels of the microfluidic device require protrusions in the mold. Machining of these 
molds can be accomplished by using flat end mills to machine away the surrounding 
material to create the raised channels. The initial critical aspect to consider when machining 
is the diameter of the end mills used. Given that the channels are protruding, the spacing 
between the channels must be at least the diameter of the end mill. Therefore, if the 
channels are desired to be placed very close together, small diameter tools must be used to 
accomplish this. 
The microfluidic mold to be replicated is in use by Dr. Wilbur Lam’s laboratory of 
biomedical researchers at Georgia Tech, used for testing the effects of viruses on cells. This 
mold has channels of 4.5mm width, 100µm height, and 3mm channel spacing.  
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 Cutting Tools and Cutting Parameters 
The primary requirements for machining the aluminum mold include the tool used, 
the rotation speed of the spindle, and the feed rate of the workpiece. Important specifics of 
the tool are the diameter, material, and number of cutting teeth (flutes). The diameter of 
the tool affects the peripheral cutting speed of milling measured in m/min. Smaller tool 
diameters, such as those used in micro-milling will lower the cutting speed. To combat 
this, the spindle speed must increase, which is governed by the limits of the milling 
machine utilized. The CNC milling machine used for machining the mold was an Okuma 
MILLAC 44V, which has a maximum spindle speed of 12,000 rpm. Feed rate and flute 
number also have an impact on the final surface roughness. Both parameters affect the 
distance that the tool travels per tooth. The tool style chosen for machining are four flute 
carbide end mills. 
 The recommended cutting speed for machining aluminum with carbide end mills is 
240 to 610 m/min [16]. However, in order to replicate Dr. Lam’s mold, an end mill diameter 
of 1.588 mm (1/16”) is required. With the maximum spindle speed of 12,000 rpm, a 
maximum cutting speed of only 60 m/min can be achieved. While this does not fall in the 
ideal range, slower feed speeds can be used to achieve a smoother surface finish. A baseline 
feed rate of 127 mm/min is used, as it is slow, yet still capable of machining a part in 
reasonable amount of time. A feed rate of 610 mm/min is also used, based on the 
recommended feed per tooth of 0.0127 mm [16]. 
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3.2 Surface Roughness 
 A test was performed with the intent of comparing the resulting surface roughness 
obtained as a function of the feed rate, depth of cut, and tool path overlap. As discussed, 
feeds of 5 and 24 in/min will be used. Microfluidic devices have varying requirements for 
channel dimensions, so machining depths of 100µm and 200µm will be compared. Lastly, 
tool overlaps of the default 3 percent and an overlap of 30 percent will be used. In order to 
best replicate the machining process of a microfluidic device, sections of Dr. Lam’s mold 
will be replicated with the combinations of each variable. Figure 7 below is an image of 
the test mold produced using the aforementioned cutting parameters. 
 
Figure 7 – CNC milled aluminum mold with various machining parameters 
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A Zygo Zegage Optical Profiler was used to characterize the surface roughness of 
the machined aluminum mold. The Zygo works by adjusting the focus through a set 
distance range across an 828µm square viewing area. As each part of the surface goes into 
and out of focus, the MX MicroLite program calculates the surface based on the height 
profile. 
 Results 
 After machining the test sites on a block of aluminum, the surface roughness was 
measured in four (4) different locations using the Zygo. The surface roughness is measured 
as the root mean squared (RMS), denoted as Sq., across the viewing area. The results are 
shown in Table 2 below. 













127 mm/min  
3% Overlap 0.112 0.112 0.206 0.206 0.159 
100µm 
610 mm/min 
3% Overlap 0.263 0.273 0.333 0.312 0.295 
200µm 
127 mm/min 
3% Overlap 0.110 0.088 0.396 0.394 0.247 
200µm 
610 mm/min 
3 % Overlap 0.293 0.290 1.226 1.250 0.765 
200µm 
127 mm/min 
30% Overlap 0.148 0.138 0.317 0.301 0.226 
200µm 
610 mm/min 
30% Overlap 0.265 0.288 0.269 0.262 0.271 
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The results show that, the greatest factor in reducing surface roughness is the feed 
rate. Slow feed rates allow for minimizing tool deflection, which is shown to be notable 
for a tool of 1.588 mm (1/16”) diameter. When deflection is present at higher feed rates, 
however, surface roughness can be considerably reduced by increasing the percentage of 
tool path overlap. The tool deflects in the opposite direction of the feed, due to the force 
acting on the front of the tool during cutting. The curvature of the tool is then pressed 
deeper into the material, causing slight grooves. By increasing tool overlap, the width of 
these grooves is thinner, which decreases the overall variation in height. It should be noted 
that while the overall surface roughness can be reduced with increasing tool path overlap, 
the machining tolerance and/or offset will be altered due to the tool deflection. Tolerance 
will be discussed in the following section. 
 The desired surface roughness has yet to be determined though biomedical 
research. Generally, bonding to glass/PDMS to enclose the channels is stronger and more 
reliable with a smoother molded PDMS surface [12]. Until a specific range of surface 
roughness is determined for biomedical applications, machining at a feed rate of 127 
mm/min is deemed adequate for progressing toward automation of the PDMS-based 
microfluidic device production process. 
3.3 Tolerance 
 Microfluidic devices can be machined using a 2D milling operation, since they have 
vertical wall channels. While the machining pattern relies on the accuracy of the milling 
machine, human input is required to align the part. Microfluidic devices have a relatively 
large bezel surrounding the channels, of about 10 mm. The purpose of the bezel is to allow 
for trimming following manual removal of the PDMS layer, and also to increase area for 
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bonding to glass or PDMS to create the device. This bezel means that tight tolerances are 
not as critical in the X and Y directions. However, given that microfluidic channels can 
typically range in channel depths from about 25 to 200 microns, accurate setting of the Z-
offset is required. While typical machining tolerances are about 25µm (0.001”), that would 
cause significant variation in channel depth. Therefore, a highly accurate method of setting 
the origin is required. One of the preferred methods is using a gage offset with dial 
indicator, which allows for quick and repeatable zeroing. 
 The Zygo was also used to measure the depth of cut of the channels. Figure 8 and 
Figure 9 below shows the machined surfaces under the microscope. The channels were 
first machined by face milling the pocket with a 25.4 mm (1”) end mill, then machining 
between the positive mold channels with the 1.588mm (1/16”) end mill. 
 




Figure 9 - Microscopic view of milled surface with 1.588mm (1/16") end mill 
 In order to obtain a measurement of the depth of cut in various locations, a line 
segment, or slice, is drawn in the MX program, following the scanning operation. This 
allows for variation in the depth to be determined. Figure 10 below shows the surface map 
and line slice. 
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Figure 10 - MX surface profile map and depth of cut measurement 
 Results 
A 120µm scan was performed in ten locations in the channels machined at 100µm, 
127 mm/min, and 3 percent overlap. In each scan, five slices were recorded. Table 3 below 













Location 1 96.88 
Location 2 92.30 
Location 3 94.14 
Location 4 91.52 
Location 5 92.42 
Location 6 93.24 
Location 7 93.98 
Location 8 90.64 
Location 9 88.80 







 Although the average depth of cut was 8µm less than the target depth of 100µm, 
this can be adjusted for when setting the offset. A depth of cut smaller than intended can 
be caused by the upward force on the tool while machining. Using the gage offset with 
2.5µm (0.0001”) accuracy, the offset can be adjusted accordingly for the desired post-
machining depth. Improved accuracy can be obtained by ensuring a high-quality initial 
face milling operation of the part prior to setting the offsets for machining the pocket and 
channels. Given the high level of precision required, variation in the offset may occur 
during tool change operations. If this is determined to be significant, setting the offset and 
machining with each tool individually may be required. Additionally, alternative mold 
materials, such as stainless steel, will respond differently to cutting conditions. In order to 
obtain high precision results with a tolerance of approximately 2.5µm (0.0001”) or less, 
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calculating the correct offset may be required for each particular machine, tool, mold 
material, and possibly during each tool change operation. This is especially true if 
machining channels with shallower depths. 
3.4 Microfluidic Mold Replication 
 Using the results obtained from the machining parameters above, the desired 
microfluidic device was machined. Additionally, these machining parameters will be used 
for various test molds for progress towards full automation of the microfluidic device 
production, as discussed in the following chapters. Figure 11 below shows the machined 
microfluidic device mold. 
 
Figure 11 - CNC milled microfluidic device mold 
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3.5 Summary 
 In order to fabricate a PDMS microfluidic device, a mold was created using a CNC 
milled aluminum block. A suitable mold for microfluidic device must have a low surface 
roughness and tight tolerancing, given the micro-sized features of the device channels. 
Through experimentation, it was found that a slow feed rate of 127 mm/min, with a high 
spindle speed of 12,000 rpm, and a shallow depth of cut of 100 µm provided for a surface 
finish of about 0.150 µm Sq. (Table 2). 
 The tolerance associated with the channel depth can be accurate to within a few 
microns of the target depth. Setting a high accuracy of tool offset can be quickly and 
reliably achieved using a gauge offset with dial indicator.  
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 PEELING PDMS 
4.1 Introduction 
After machining the metal mold, the objective is to fully automate the process of 
microfluidic device production. This includes all steps from initial preparation of the liquid 
polymer, to final device assembly. In order to understand the potential challenges of 
automation, each step must be analyzed. Below is a list of the seven main tasks involved 
in producing the devices in a metal mold. 
1) Mix polymer and crosslinker to produce PDMS 
2) De-gas PDMS to remove air bubbles produced during mixing 
3) Pour PDMS into mold 
4) Cure PDMS in oven 
5) Remove PDMS layer from mold 
6) Punch holes for inlet/outlet tubing 
7) Bond PDMS to glass/PDMS to enclose channels 
Most of these steps involve relatively simple tasks for a robot to perform, such as a 
mixing operation, or placing a mold in an oven. However, the process of removing the 
cured PDMS from the mold will require an alternative approach than the current manual 
method. The manual method involves cutting around the perimeter of the PDMS device 
with a scalpel, trimming away a small amount of PDMS. The scalpel is then used to lift an 
edge of the PDMS, to enable peeling by hand. This process involves human manipulation 
and would be very difficult to reliably automate. Instead, a new approach must be created; 
one that utilizes practical equipment and involves simple and reliable operations. 
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4.2 Peeling Characteristics 
 In order to determine methods of removing the PDMS from the mold, an 
understanding of the material properties must be determined. PDMS has elastic and 
adhesive properties, but is also fragile and prone to tearing. Before testing specific robotic 
methods of removing the cured PDMS layer from the mold, experimentation of basic 
peeling characteristics will be gathered.  
The measurands of interest when peeling PDMS are the force, as well as the 
existence of any tearing of the material. In order to determine an ideal method of peeling 
the PDMS, several variables are incorporated. Existing literature shows that the speed of 
peeling increases the adhesive energy, as used in transfer printing [20]. For automation of 
peeling, an appropriate peeling speed must be determined to prevent damage to the device. 
Regarding general peeling properties of adhesive materials, increasing the peel angle 
(relative to the surface that the material is being peeled from), will decrease the peeling 
force [29]. This is due to the sharper peel angle of the material reducing the instantaneous 
area under force. However, peeling PDMS at high peel angle may cause excessive stress 
in the material. The final variable to be understood is the surface roughness of the mold. 
Although there will not be considerable variation in mold roughness, investigating the 
effects of varying roughness will ensure that the previously mentioned variables are 
adequate for a variety of potential mold surfaces. 
To test each of these variables and their interactions, a mold is created containing 
several pockets for molding PDMS. The Okuma milling machine will be used to automate 
the peeling process, and the force data is collected at a sampling frequency of 1000 Hz 
using a three-component piezoelectric force dynamometer (Kistler 9257b). The mold is 
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attached to the dynamometer using double-sided adhesive transfer tape. Speed of peel and 
retraction speed are first tested, while keeping the peel angle constant. As a baseline, the 
peel angle is set so that the pulling force is directly over the peeling edge of the PDMS. In 
other words, the peel angle is set at 90 degrees, and moved laterally as the PDMS continues 
to peel. This is achieved by peeling the leading edge of the PDMS along a 45-degree path. 
The peeling speeds are set at speeds of 0.5 and 5 cm/s. To best record the effects of surface 
roughness, the mold contains pockets machined at both 127 mm/min as discussed earlier, 
as well as pockets with a rough ground surface, using a course grinding bit. Figure 12 below 
is a diagram of the test mold illustrating each variable to be tested. 
 
Figure 12 - Testing mold with variables of surface finish, peeling speed, and peel angle 
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 The mold above contains four pockets sized 76 mm x 38 mm x 3 mm (3” x 1.5” x 
0.12”). This size allows the four test conditions to fit within the limits of the force 
dynamometer. Both surface finishes were measured in ten locations to obtain the areal 
average surface roughness. The milled surface has a roughness of 0.18µm Sq., while the 
rough ground surface has a roughness of 1.09µm Sq., which is 6.09 times rougher. 
To test only the peeling characteristics, the leading edge of the PDMS is manually 
lifted and attached to the Okuma using a clamp. The CNC machine axes then move so as 
to produce the desired speed and peel angle while recording the force data. Figure 13 below 
is an image of the peeling process.  
 











The force dynamometer records forces in the X, Y and Z directions to understand 
the interaction between the PDMS adhesive forces and the mold. Figure 14 through Figure 
17 below show the force measurements of the four peeling tests. 
 
Figure 14 - Force of 0.5cm/s peel from milled surface in X, Y, and Z directions 
 
Figure 15 - Force of 5cm/s peel from milled surface in X, Y, and Z directions 
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Figure 16 - Force of 0.5cm/s peel from machine ground surface in X, Y, and Z directions  
 
Figure 17 - Force of 5cm/s peel from machine ground surface in X, Y, and Z directions 
 The graphs show a smooth increase in the force magnitude as the leading edge of 
the PDMS is lifted upward in the negative Z direction and put under tension. As the peeling 
is continued along the length of the mold pocket, the force remains constant. Finally, as the 
trailing edge of the PDMS is lifted from the corner of the mold, adhesive forces are also 
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present on the back wall of the mold, causing a spike in the force generated. These graphs 
show that the most significant factor for increasing peeling force is the speed of peel. This 
agrees with existing literature regarding the increase in release energy as rate of peel 
increases. As anticipated, a constant 90-degree peel angle generates very little force in the 
X and Y directions, due to the vertical direction of the force. By increasing the peeling 
speed by a factor of ten, from 0.5 to 5 cm/s, the force increased from 1.0 to 3.3 Newtons, 
or 330%. For the ground surface, the peeling force was 1.75 N at 0.5 cm/s, and 4.5 N at 5 
cm/s, a 257% increase. These numbers also show the notable increase in peeling force 
between the milled and the machine ground surfaces. At 0.5 cm/s, the milled surface had 
43% less force to peel, and 27% less force at 5 cm/s. 
 The PDMS did not show any signs of tearing at either peeling speed or surface 
finish. For final automation of microfluidic device production, it is critical to ensure that 
all steps are highly reliable, or it will require human oversight, partially defeating the 
purpose. The forces obtained during testing can be compared to the material properties of 
PDMS. The polymer has a tensile strength of 2.24 MPa [33]. Given the cross-sectional area 
of the cured PDMS layer of 38 mm x 2 mm (1.5” x 0.08”), the PDMS can withstand 173 
N of peeling force. This is significantly higher than the maximum force of 6.8 N 
experienced by the trailing edge of the PDMS when peeling at 5 cm/s on the machine 
ground mold. 
 These experiments indicate that no significant damage to the PDMS layer will 
occur due to excessive forces during peeling. This ensures that progress can be continued 
toward specific robotic methods of removing the PDMS. Although large scale damage to 
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the PDMS will not occur, characteristics associated with the removal methods may 
introduce additional stresses on the material. 
4.3 Embedded Peel Tab 
It has been shown that continued peeling of the PDMS is amenable to automation. 
However, in order to automate the entire removal process, the robot must be able to reliably 
initiate the peel using a simple technique. One of the most fundamental concepts is to 
embed an apparatus (e.g. peel tab) into the PDMS, which could be handled by the robot. 
The embedded peel tab should be simple in its design, allowing for prototyping using 3D 
printing. The tab can be disposable, by trimming the excess PDMS from the layer. For this 
idea to work, the tab would need to be placed in the uncured PDMS, resting on the bottom 
of the mold pocket. Columns from the base of the tab would extend through the PDMS to 
allow a robot to grip, while also ensuring the tab remains embedded in the PDMS. Figure 
18 below shows an implementation of the peel tab idea. 
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Figure 18 - Embedded peel tabs in a mold with cured PDMS 
 The chamfer tabs are slightly less than 38 mm (1.5”) long to fit the width of the 
mold, and are 12.7 mm (0.5”) wide. The Okuma CNC milling machine was again used to 
automate the peeling process, with the piezoelectric force dynamometer recording the 
peeling forces. A fifty pound-test fishing line was used to attach the peel tabs to the CNC 
spindle. The CNC milling machine would then peel using the same 45-degree path as 
before.  
 Results 
During a peeling speed of 0.5 cm/s, 80 N of force was experienced, resulting in the 
adhesion force of the transfer tape being exceeded.  The tab showed no signs of separating 
from the mold. After analysis, it was determined that a thin layer of PDMS under the tab 
Embedded Peel Tabs 
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generated a significant amount of adhesion. Although there are methods to prevent PDMS 
from traveling under the tab, such as incorporating a rubber coated bottom, this would be 
impractical for large scale usage.  
 
Figure 19 - Embedded tab failed peel due to excessive PDMS adhesive forces, causing 
the mold to lift up from the dynamometer 
 The reason that the tab generates so much more adhesive force than the continuous 
peeling as before is due to the larger surface area under tension. During continued peeling, 
only one edge of PDMS is experiencing an adhesive force, which allows for easy 
propagation of the peel. In contrast, the rigid tab creates adhesive forces throughout the 
entire bottom area of the tab, regardless of the angle of peel.  
4.4 Chamfer Tab 
The peel tab showed that there is considerable adhesion across the bottom area of 







withstood exceeds the limitations of the equipment. To allow for propagation, the peeling 
force must be applied outside the perimeter of the PDMS layer. Additionally, the peel must 
start along a top outer edge of the PDMS, rather than at the bottom of the mold. To enable 
this, a chamfer-walled mold will allow the peel to initiate along a top edge of the PDMS, 
and travel across the surface of the pocket until the tab has been completely peeled from 
the mold. Chamfer tabs with a corresponding shape are placed in the mold prior to pouring 
the PDMS. After peeling of the tab has occurred, the PDMS will act in a similar manner to 
the earlier continued peeling experiment with the clip. Figure 20 below shows the 
chamfered walled mold with chamfer tabs embedded inside the PDMS layer. 
 





 The automated peeling action realized earlier on the CNC milling machine was 
replaced with a Universal Robotics UR5 robot. Force data was recorded using an ATI 
Gamma Force/Torque Sensor mounted between the tool center point (TCP) and the end-
effector of the robot. As with the CNC milling machine, a fishing line attached the chamfer 
tab to the robot end effector. A peel path of 45 degrees was also used again. 
 Results 
The peeling experiment was performed twice, resulting in one successful peel, 
and one unsuccessful peel. The successful test performed as intended, initiating the peel 
at the outer edge of the tab and PDMS. A thin residual layer of PDMS between the tab 
and mold remained bonded to the metal mold. In the second test, the tab was cured with 
additional space between the mold, thereby increasing the amount of PDMS underneath. 
During the peeling attempt, the tab was unable to peel away from the additional PDMS 
underneath, which resulted in the tab tearing out of the PDMS. Figure 21 shows the failed 
chamfer tab peel test. 
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Figure 21 - Failed chamfer tab peel test due to excess PDMS under the tab 
The tests show that with the correct positioning of the chamfer tab, this method 
can be successful. However, this would require additional automation steps to ensure the 
tab remains in the correct position throughout the curing process. This would likely 
require an apparatus to hold the tabs in place. 
Although the chamfer tabs could be an effective method to automate the PDMS 
layer production process, there are undesirable drawbacks. The disposable aspect of the 
tabs would require an additional manufacturing process to create the tabs. As mentioned, 
the robot would need to perform the additional tasks of placement and fixturing of the tabs. 
Lastly, the disposable tabs would need to be trimmed prior to assembly and bonding of the 
device. Although the use of disposable tabs would have advantages over the current manual 
production process, other methods were investigated in an attempt to optimize the 
automation. A more refined method should incorporate reusable and/or generic equipment, 
to minimize frequent custom manufacturing, which would increase overall costs. 
Chamfer Tab 
Tears from PDMS 
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4.5 Bladed Gripper 
Earlier experiments in this chapter showed that when peeled progressively, PDMS 
exhibits small adhesive forces. These understandings were combined with the current 
method of peeling by using a sharp blade, to create a more automation-friendly approach. 
After manually cutting the PDMS, the blade is used to lift and peel one edge of the PDMS, 
which requires visual manipulation. Instead, a robotic gripper can be incorporated to both 
lift and clamp the PDMS. The bladed gripper is a custom attachment for a robotic gripper. 
The gripper is designed with a sharp plastic blade attached to the leading end of the lower 
gripper arm. This blade travels down the chamfered wall of the mold, cutting the PDMS 
from the mold. After adequate travel under the PDMS, the robotic gripper clamps down, 
pinching the PDMS between the lower blade, and upper arm. Figure 22 shows the bladed 
gripper set up for a peeling test on a chamfer-walled mold. 
 






 An experiment was run by programming the robot end effector to slide down the 
chamfer wall. However, rather than the blade sliding under the PDMS, it directly pierced 
part of the PDMS. This prevented the PDMS from peeling, and instead generated enough 
force to break the gripper. This showed that the alignment of the gripper with the mold 
must be perfect to enable the blade to only slide under the PDMS layer. 
 Due to natural manufacturing tolerances and variations in the positioning of the 
gripper and the mold, modifications would be needed to increase reliability. This could be 
accomplished with a blade that has a small amount of flexibility to account for these 
variations. During testing, however, it was found that the adhesion between the top surface 
of the blade and the PDMS can cause difficulties in peeling. This finding, combined with 
challenges in programming the blade to follow the chamfered wall of the mold, shows that 
a bladed gripper may be inadequate for final automation.  
4.6 Insert Gripper 
The benefits of the bladed gripper combined with the success and findings from the 
chamfer tab were used to generate the concept of an insert gripper. The insert gripper has 
a detachable lower gripper finger, which is embedded in the PDMS similar to the chamfer 
tab. The robot gripper is then maneuvered to interlock with the lower finger. With the top 
and bottom gripper fingers, it pinches the PDMS and peels.  The benefit of the insert gripper 
over the chamfer tab is that the columns on the tab would no longer be needed to assist in 
lifting the PDMS. These columns, intended to prevent the tab from separating from the 
PDMS, would be replaced by pinching the PDMS. The result of this would allow the insert 
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gripper to be removed after peeling, rather than being trimmed and discarded. Figure 23 is 
a CAD model of the insert gripper. 
 
Figure 23 - Insert gripper CAD model consisting of robotic end-effector, insert tab, 
bottom mating gripper, and top gripper 
While the insert gripper would have the advantage of reusability over the tabs, there 
is still the difficulty of positioning the insert throughout curing. Additional challenges 
include mating the robot to the insert gripper, as well as separating the insert gripper from 
the PDMS. For large scale automation, the insert gripper is not ideal due to these 
complexities and was therefore not investigated further. 
Top gripper 








This chapter discussed several methods investigated in an effort to peel a cured 
PDMS layer from a machined aluminum mold. The most significant finding was the 
adhesive characteristics of PDMS, and the importance of minimizing the surface area of 
bonded PDMS that is subjected to a peeling force. PDMS naturally peels with a low force 
of 1-4 N, much below the tensile strength of the polymer. However, as the surface area 
under load increases, such as the area under a peel tab, the force to de-bond that area can 
be larger than the tensile strength of the material, resulting in tearing but no peeling. When 
attempting a method similar to the manual approach, the bladed gripper showed the 
difficulty in attempting to replace human manipulation with a robotic motion. While 
manual methods use blades to cut and lift the PDMS, humans can visually determine the 
success of a cut. In contrast, robotic automation would have to rely on a high success rate 
with a single pass of the blade, which was determined to be an unrealistic goal. These 
methods discussed could be combined into a gripper with a mating embedded tab. This 
approach would allow for the reusability, along with the successful findings from the 
chamfer tab. While this could be a successful method of peeling, the additional tasks 




 DE-BONDING AND PEELING PDMS 
5.1 Introduction 
Chapter 4 explained the adhesive forces of PDMS, and how it creates challenges in 
removing it from the metal mold. The main difficulty in automation was determined to be 
the initiation of the peeling process, due to the challenge of focusing the force on the PDMS 
to a very small region, such as a single edge. This is especially true when attempting to 
perform the peeling initiation process with simple robotic motions. Rather than peeling the 
PDMS in one step, a de-bonding process is required to first reduce the adhesion between 
the PDMS and the mold prior to the peeling process. 
The concept of de-bonding using air pressure has been previously used, as 
discussed in existing literature. Researchers have inserted air tubes after creating a hole in 
the PDMS with a biopsy punch [25]. However, the process of piercing the PDMS for air 
de-bonding has not been studied. With reduced adhesion due to de-bonding, the peeling 
process can be initiated and the PDMS removed for final device assembly. 
This chapter will cover air needle de-bonding, followed by a suction peel. The de-
bonding is intended to reduce or eliminate adhesion between the mold and the PDMS. 
Previous literature showed that de-bonding PDMS with air requires about 50 psi, which is 
greater than the maximum pressure achievable by a perfect vacuum (-14.7 psi) [25]. In 
order to prepare adequate de-bonding for suction peeling, specific steps and techniques will 
be discussed. 
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5.2 Air Needle De-bonding 
It has been shown in prior work that introducing pressurized air between PDMS 
and the bonded substrate is successful in de-bonding. Mechanical devices, as described in 
Chapter 4, alter the natural peeling process of PDMS, by increasing the surface area and 
introducing additional adhesive forces. Instead, the use of pressurized air allows the PDMS 
to de-bond by expanding concentrically as the air travels. Peeling along a single curved 
edge exhibits similar dynamics, which allows for the continued peeling of PDMS with low 
force as shown earlier in Figure 14 and Figure 15. 
While experimenting with peeling methods in Chapter 4, it was observed that after 
initially separating the PDMS from the mold, adhesion is significantly reduced. An air de-
bonding process can reduce these adhesive forces and allow automation to completely 
remove the PDMS layer. The use of pressurized air introduced through holes in the bottom 
of the mold were considered for air de-bonding, but were not carried out due to complexity 
of the overall system design. In addition, if holes are machined into the mold PDMS may 
enter and block the holes prior to curing. Creating holes small enough to potentially prevent 
PDMS from flowing through may present challenges in tooling and machining. Lastly, an 
apparatus would be required to direct the pressurized air supply through the mold. 
Rather than introducing air through the mold, a more cost-effective method would 
be to insert a needle into the PDMS until it makes contact with the mold. Pressurized air 
could then be introduced between the PDMS and the mold surface via the needle, causing 
de-bonding of the PDMS similar to the method discussed in the existing literature [25].  
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 Needle Characteristics 
Given that the final targeted market of microfluidic device automation includes 
small laboratories with limited budgets, selecting ready-made equipment when possible is 
preferred. Reducing custom supplies will allow for lower costs, and simplified 
maintenance. For these reasons, hollow dispensing needles of various gauges and tip 
shapes, flat and chamfered, are investigated. Initially, the metrics of interest are the force 
required to pierce the PDMS, as well as the ability to completely penetrate through the 
PDMS to the surface of the mold. Ultimately, the objective of the experiments is to 
maximize the de-bond area to improve the reliability of peeling via a suction cup. 
The air needle sizes chosen for experimentation range consist of readily available 
standard gauges. Gauge 14 is the largest diameter (dia.) disposable needle that is commonly 
available, with a diameter of 2.11 mm. The smallest diameter needle that is typically 
available is gauge 22, which is 0.72 mm in diameter. Other needles tested to determine the 
ideal diameter include gauges 16 (1.65 mm dia.), 18 (1.27 mm dia.), and 20 (0.91 mm dia.). 
All needles use a threaded adapter (LUER lock), which is common for syringes, as it is 
leak free. The shape of the needle tip may also affect the piercing force. To address this 




Figure 24 - Flat and chamfer tip needles. Gauge sizes from left to right are 14, 22, 16, 20 
In order to record the force of piercing, the needles must be mounted to the robotic 
end-effector. A 3D printed attachment was designed to bolt to the robot’s tool plate. The 
attachment is integrated with a series of fittings to connect the air supply to the needles. 
Figure 25 shows the robot with the needle attachment end-effector. 
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Figure 25 - Needle robot attachment with 14-gauge needle 
With the needles attached to the robot, the ATI Gamma 6-axis force sensor 
mounted to the tool flange can record the forces required to pierce the PDMS. Piercing 




Z direction indicated in Figure 25, at a slow velocity of 1 mm/s. The robot is lowered 
using a velocity-stop controller, which stops the robot’s motion when a force that exceeds 
the set value is detected. The flat tipped needles were first tested, piercing the PDMS 
vertically, normal to the surface of the mold. Each needle gauge required a similar force 
to pierce the PDMS, however, thinner gauge needles were susceptible to bending under 
the compressive force. This lack of rigidity is highly undesirable, due to reduced 
durability and the safety concerns associated with a failed needle. Figure 26 and Figure 
27 show the piercing forces recorded using a 14-gauge flat-tipped needle when the 
velocity-stop was set to 35 N and 70 N, respectively. 
 
Figure 26 - Piercing force with velocity-stop set to 35 N 
 51 
 
Figure 27 - Piercing force with velocity-stop set to 70 N 
Figure 26 shows the force halts at 35 N for approximately 8 seconds (from the time 
of 12 seconds to 20 seconds) before dropping to about 31 N until the needle contacts the 
bottom of the mold, after which the force increases to 35 N again. In contrast, when the 
velocity-stop force is set to 70 N in Figure 27, the piercing force reaches 50 N, before 
dropping to about 29 N until the bottom of the mold is reached. During the time the force 
is maintained at 35N, the velocity is zero (or very near zero). These graphs show the elastic 
properties of PDMS, and how velocity affects the piercing force. In Figure 26, the needle 
is nearly stationary as the PDMS slowly tears under the force of the needle tip. In Figure 
27, the needle continues at a velocity of 1 mm/s throughout the piercing (due to the 
velocity-stop threshold not being met), which generates an additional 15 N to initiate 
piercing. However, once piercing of the PDMS begins, the experiments show that a 
constant force of about 30 N +/- 1 N is required to continue piercing the PDMS. Throughout 
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the experiments, neither the 14-gauge needle, nor robot attachment was damaged. This 
allows for a higher selected force to be input into the velocity-stop program, to ensure 
complete contact of the needle with the bottom of the mold. 
Piercing force of the chamfer needles were also tested to enable later 
experimentation of de-bond area. Given the angled tip of the needle, the robot must pierce 
the PDMS at the corresponding angle so that the needle tip is flush with the surface of the 
mold. However, as shown in Figure 28, the needle bends as it makes contact with the 
surface of the mold, rather than arresting the needle motion. 
 
Figure 28 - Chamfer needle bending after making contact with mold 
 While the needle could be reinforced to prevent bending, it is impractical, given 
that the force to pierce is nearly identical to the flat tipped needle. Additionally, the chamfer 
needle is less safe, so it will not be used for de-bonding. 
 With the piercing forces determined, testing of de-bond area was begun. 
Preliminary tests were first performed to understand the characteristics of de-bonding. This 
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initially included testing of the different gauge needles. Gauge 18 (1.27 mm dia.) was the 
smallest diameter needle that did not exhibit significant bending under load. The de-
bonding characteristics of the 18-gauge was compared to the 14-gauge (2.11 mm dia.) 
needle. During experimentation, the smaller needle resulted in less area de-bonded. This 
can be attributed to the lower flow rate of air given the smaller cross-sectional area. These 
preliminary tests were able to eliminate the use of all chamfer needles, as well as smaller 
gauge flat needles. Moving forward, only the 14-gauge flat-tipped needle was used. While 
the de-bonding characteristics of this needle are superior, it is also more durable and safer 
due to its larger dimensions and non-sharp features. 
 De-bonding Variables 
 With the 14-gauge flat needle chosen for all future testing, variables with potential 
impact on the de-bonding area were determined. The first variable to be included was the 
location of the needle piercing. An understanding of needle placement must be determined 
for automation of any sized mold. In order to de-bond the PDMS, the needle must be lifted 
slightly off the bottom of the mold to allow air to flow. This introduces another variable of 
retraction. The retraction can either be a certain distance upward, or a continuous retraction 
at a set velocity.  
 Preliminary tests were conducted to investigate a continuous retraction speed 
versus a retraction that pauses at a set height. A height of 3 mm was chosen to ensure the 
PDMS is lifted slightly by the needle to assist in directing air underneath. Various retraction 
speeds, ranging from 1 mm/s to 100 mm/s, were also evaluated in preliminary tests. These 
tests were used to narrow down a range of appropriate needle retraction conditions prior to 
systematic experimentation. The most significant finding from adjusting the retraction 
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distance was the symmetry of the de-bonded area. The PDMS de-bonds from air pressure 
by inflating and lifting upward, which propagates the peel concentrically outward. If the 
PDMS balloons upward faster than the retraction rate of the needle, the adhesion between 
the needle will slightly anchor the PDMS downward. This forces the de-bond to lose 
symmetry, directing more air in a certain direction. The direction of the de-bond is largely 
random, affected by slight variations in the retraction of the robot, and flexibility of the 
needle and fitting. Figure 29 is an image of the PDMS being lifted upward via air pressure 
as the needle is retracted. 
 
Figure 29 - Image of needle de-bonding PDMS upward via air pressure. Inward and 
outward mold directions specified for future reference. 
 Initial testing showed that varying the retraction speed generally results in similar 
de-bonding areas, due to the de-bond occurring almost instantly after the needle detaches 








downward as discussed above. Speeds around 80 to 100 mm/s or greater are too fast, 
reducing the ability for maximum de-bonding before the needle exits the PDMS. 
 For current manual methods, PDMS is first trimmed around the perimeter to 
remove the meniscus at the wall. The presence of a meniscus prevents proper stacking of 
PDMS layers due to the lack of flatness required for proper bonding. In order to eliminate 
this issue for final automation, a chamfer-wall mold can be incorporated, which moves the 
meniscus outside of the perimeter of the stacked device above.  
 To test the variables of needle placement, retraction speed, and vertical versus 
chamfered wall, a mold containing 8 pockets was machined. Four pockets contain vertical 
walls while 4 have chamfered walls. Each wall type is tested with needle placements of 5 
and 15 mm inward from two adjacent corners, at retraction speeds of 20 and 60 cm/s. Figure 
30 is a diagram of the mold with the testing plan. 
 
Figure 30 - Experimental mold for testing effects of needle placement, retration speed, 
and vertical vs. chamfer wall 
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 The experiment was conducted using the UR5 robot, which was programmed 
through the teach pendant. The piercing force was controlled using the Z-axis coordinate 
of the robot, programming a slight interference between the needle and mold, which results 
in an opposing force. The height of the needle was set so that approximately 70 N was 
generated when the needle contacted the mold. The tests were conducted using high speed 
video to best understand the interaction between the variables and the resulting de-bond 
area. 
 Prior work reported in the literature found that 50 psi of pressure is required to de-
bond PDMS, after which the de-bond occurs rapidly [25]. Using this result, a pressure of 
60 psi was used to ensure de-bonding, while also remaining at a practical pressure 
obtainable by affordable compressors. 
 Results 
The main finding was the difference in de-bond area between the vertical and 
chamfer wall molds. De-bonding stops once any portion of the area reaches an opening to 
atmospheric pressure. Once this occurs, that pathway is of the least resistance, preventing 
further de-bonding. The vertical wall mold requires that pressure builds up enough to 
overcome the shear strength of the adhesive bond, given that the edge of the PDMS must 
lift upward, and therefore parallel to the vertical wall. In contrast, a chamfer wall mold can 
allow for propagation of the de-bond from the bottom of the mold, and then upward along 
the wall, which greatly reduces the resistance of the air to escape the nearest wall. Figure 
31 and Figure 32 compare the area de-bonded due to the air pressure of vertical versus 
chamfer wall molds. 
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 Another significant finding was the peeling caused by the adhesion between the 
needle and the PDMS. At the slower retraction speed, the adhesion allowed for significant 
additional peeling following air de-bonding. Although this can be considered 
advantageous, it is unreliable as it is not the intended purpose of the air needle. This 
adhesion could be dramatically affected by PDMS thickness, extent of cure, and the 
presence of liquid/lubricant. Figure 32 and Figure 33 show the comparison between the 
initial air de-bonded area and the final de-bonded area caused by needle adhesion, just prior 
to the needle separating from the PDMS. The difference in the areas between these two 
images is strictly due to the peeling caused by the adhesion of the needle to the PDMS 
during retraction. 
 
Figure 31 - Area de-bonded from air pressure alone on vertical wall mold. Needle 





Figure 32 - Area de-bonded from air pressure alone on chamfer wall mold. Needle 
conditions are 5 mm inward from the corner, with a retraction speed of 20 mm/s 
 
Figure 33 - Area de-bonded from air pressure and needle peeling on chamfer wall mold, 




 The placement of the needle also has an effect on the de-bond area. As discussed 
earlier, de-bonding continues until the pressurized air escapes one edge of the PDMS. 
When the needle is placed further inward from the perimeter of the PDMS, the air must 
travel further, ideally in all directions, to reach an edge. Therefore, the needle location of 
15mm inward resulted in more de-bonding than the 5mm location.  
These experiments used two needle locations in an attempt to de-bond the full width 
of the mold. However, de-bonding stops once it reaches previously de-bonded PDMS, or 
an outer edge, whichever comes first. Therefore, two overlapping needle de-bonding sites 
will generally not double the area, especially if placed near each other. This can be seen in 
Figure 34, where the second needle piercing on the right de-bonded little additional PDMS 
towards the right of the needle. This is due to the first needle location on the left de-bonded 
very close to where the right needle was later placed. Alternatively, if the needle locations 
are too far apart, there will be two separate de-bonded areas, with bonded PDMS in 
between. This will not assist in peeling the PDMS, as the bonded areas will prevent initial 
lifting. Figure 35 shows these separate de-bonded areas. 
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Figure 34 - Second needle location on the right de-bonded less PDMS after intersecting 
with the first de-bond on the left 
 






While greater distance inward can increase the de-bonded area, it must be 
reasonable for final automation, as the mold must be designed accordingly. This requires 
that the size of the bezel must be at least slightly larger than this distance inward, or the 
channels will leak through the hole created by the needle piercing. 
This experiment resulted in two major findings regarding the wall type of the mold, 
and the use of two needle piercings. The two needle locations were intended to increase 
the width of the de-bond across the shorter edge (width) of the mold. However, it was found 
that a second needle de-bond will either connect to the previous site, leaving the 
surrounding walls still bonded (Figure 34), or de-bond to the wall, leaving the two areas 
unconnected (Figure 35). 
 Retraction Speed and Location 
The previous experiment provided important findings regarding needle location, 
retraction speed, and chamfer vs. vertical wall molds. However, the peeling caused by the 
needle, as well as the use of two separate needle de-bonds, prevented the ability to obtain 
a precise relationship between the variables and their results. To obtain a more measurable 
comparison, a follow up test was performed. 
The first tests were performed on 51 x 76 mm mold pockets, which is smaller than 
the current targeted mold dimensions of 127 x 127 mm. Although mold sizes will vary by 
the final application, testing larger molds can help isolate the variables by allowing the de-
bond area to propagate further, without interacting with sidewalls. Therefore, the second 
experiment utilized a 127 mm square mold. Due to the chamfer wall mold exhibiting 
significantly less de-bond area, the next test only used a vertical wall mold to help better 
understand the variables. In the previous experiment, a retraction speed of 20 cm/s resulted 
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in unwanted peeling by the needle due to stronger adhesion at the slower retraction speed. 
For the next experiment, speeds of 30 and 60 cm/s were used, with a simple multiple to 
potentially assist in understanding the interactions. The needle locations are set at 5 and 10 
mm inward from the edge, and positioned at mid-width of the edge. Figure 36 shows the 
testing plan. 
 
Figure 36 - Experimental plan for systematic testing the effects of needle location and 
retraction speed 
 Each of the four parameters are tested on each wall of the four pockets. This 
eliminates any bias caused by variations in the curing process, such as uneven temperature 
distribution caused by the oven or the aluminum mold.  
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 Results 
The test was performed twice, swapping test conditions on opposing edges of each 
pocket for the second test. For example, in Figure 36, the conditions for edges 1 and 3, and 
for edges 2 and 4 in the upper left pocket were swapped. This ensures complete uniformity 
of the testing parameters. Images were taken above the mold after each test, and the de-
bond region traced in AutoCAD to measure the areas. Figure 37 and Figure 38 show the 
traced areas in each test of the two experiments, where Tests 1 through 4 are replications 
of each testing conditions indicated at the top of the column. 
 
Figure 37 - First testing layout of retraction speed and needle placement 
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Figure 38 - Second testing layout of retraction speed and needle placement 
 The figures show that the two columns on the left of Figure 37 generally had 
considerably more de-bonded area than the columns on the right. This would support the 
idea that the slower retraction speed led to greater de-bonding. However, in Figure 38, 
when the test conditions were applied to the opposing edge, the opposite results occured, 
with more de-bonding on the right half. The cause of this was found during review of high 
speed video which showed that there was a slight needle angle generated during retraction, 
which caused the biased results above. This angle is due to a lack of rigidity in both the 
needle’s LUER lock fitting, as well as in the robot joints. The slight needle angle causes 
the variation in de-bond area due to the initial direction of the air once the needle begins to 
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lift off the bottom of the mold. When the top of the needle is angled outward (away from 
the center of the mold pocket), the air is therefore directed toward the center of the mold, 
increasing the de-bond in this direction. Additionally, the needle angle presses down on 
the PDMS nearest to the wall, hindering the ability for the air pressure to escape. The 
opposite is true when the needle is angled inward toward the center of the mold pocket, 
causing air quickly to escape up the wall. Table 4 and Table 5 compare the de-bond areas 
of each experiment and the averages.  
Table 4 - De-bond areas in the first testing layout of retraction speed and needle 
placement 
  
30 mm/s, 5 mm 
(cm2) 
30 mm/s, 10 mm 
(cm2) 
60 mm/s, 5 mm 
(cm2) 
60 mm/s, 10 mm 
(cm2) 
Test 1 20.65 7.81 6.58 8.65 
Test 2 11.48 22.13 4.32 8.39 
Test 3 16.19 17.68 10.06 6.77 
Test 4 9.68 22.84 10.45 10.84 
          
Average 14.50 17.61 7.85 8.66 
Standard 









Table 5 - De-bond areas in the second testing layout of retraction speed and needle 
placement 
  
30 mm/s, 5 mm 
(cm2) 
30 mm/s, 10 mm 
(cm2) 
60 mm/s, 5 mm 
(cm2) 
60 mm/s, 10 mm 
(cm2) 
Test 1 7.23 7.74 15.10 10.00 
Test 2 10.19 9.74 14.39 19.74 
Test 3 10.90 7.16 17.03 21.68 
Test 4 12.13 9.35 13.16 24.06 
          
Average 10.11 8.50 14.92 18.87 
Standard 
Deviation 2.08 1.24 1.62 6.17 
 
Table 6 - Averages and standard deviations of the first and second layouts 
  
30 mm/s,  
5 mm (cm2) 
30 mm/s,  
10 mm (cm2) 
60 mm/s,  
5 mm (cm2) 
60 mm/s,  
10 mm (cm2) 
Average 12.31 13.06 11.39 13.77 
Standard 
Deviation 4.22 6.70 4.37 6.88 
    
Advantaged 
Average 14.50 17.61 14.92 18.87 
Disadvantaged 
Average 10.11 8.50 7.85 8.66 
 
 The overall averages in Table 6 show that the 10 mm needle location had a higher 
area de-bonded, however, the large standard deviation indicates that the needle angle is 
much more of a contributing factor. The comparison of the favorable versus unfavorable 
averages (needle angled outward vs. inward, respectively), shows that the slight needle 
angle can approximately double the area that is de-bonded. This experiment again shows 
that retraction speed has little impact on the de-bonding area. 
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 The needle location and retraction speed has little effect on de-bonding area 
because the required air pressure to separate the sidewall of the mold, which allows the air 
to escape, is largely independent of either variable. The vertical walls of the mold, and the 
associated shear force of adhesion, has additional resistance to de-bonding when compared 
to continued propagation of the de-bond along the bottom surface of the mold. Therefore, 
the retraction speed, and more directly the location of the needle may only impact how 
quickly the air first reaches the wall. However, the additional resistance of the adhesion 
along the mold wall will nearly eliminate any differences between these variables. 
 Angled Needle De-bonding 
The previous experiment showed that slight variations in needle angles can cause a 
significant impact on de-bonding area. While this variation can’t be eliminated, it can be 
used advantageously. This finding inspired the intentional angling of the needle, rather than 
vertical retraction.  
The next experiment was performed by first piercing the PDMS vertically as before. 
The needle was then raised a few millimeters upward off the bottom of the mold to remove 
the force from the needle (generated during piercing). The needle was then angled outward 
at varying degrees of 5, 10, and 20 degrees off vertical. Once the angle was reached, air 
pressure was activated. After de-bonding, the needle returned to vertical, and was retracted 
at 60 cm/s to prevent the needle from adhering to the PDMS. Intentionally angling the 
needle ensures that the needle is always facing in the desired direction, regardless of minor 
variations. Additionally, the exaggerated angle causes the needle to further press down on 
the top surface of the PDMS near the wall, greatly limiting the escape of air at the edge of 




Figure 39 - Needle de-bonding at 20-degree angle. Image showing just prior to air 
escaping up the wall on the right 
 Figure 32 shows that the angled needle de-bonds the PDMS inward by an amount 
much greater than the distance of the needle from the wall, resulting in a large de-bond 




Figure 40 - Angled needle de-bond areas at 5, 10, and 20 degrees 
 Each angle de-bonded significantly more PDMS than the tests where the needle 
was vertical to the mold bottom, even those where the slight needle angle was in favor of 
increased de-bonding. However, given the reduced area of the 10-degree test, there isn’t a 
reliable trend in observations. Instead, the area can vary by 100 percent or more as seen 
above, depending on which path the air naturally follows. The 10-degree test caused the 
de-bond to propagate mainly towards the left of the needle, until the air escaped. 
 PDMS Anchoring Device 
 The angled needle de-bonding experiment showed that directing the air, combined 
with anchoring the PDMS surface nearest to the wall, results in a considerable increase in 
de-bonded area. However, it was also observed in all experiments reported in this chapter, 
that there is an uncontrollable degree of randomness in the direction of de-bonding. This 
was shown above in the 10-degree needle angle, where the de-bond primarily traveled 
towards the left, rather than symmetrically. In the angled needle experiment, only the thin 
needle was acting to anchor the PDMS. Instead, a device can be incorporated to hold down 
the PDMS behind the needle. This anchor can be nearly the width of the mold pocket, to 
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ensure sufficient de-bonding inward. Figure 41 shows the needle attachment and PDMS 
anchoring robotic end-effector. 
 
Figure 41 - De-bonding with PDMS anchoring needle attachment. Attachment arm holds 
down PDMS along back wall while air is directed inward toward center of mold (right of 
needle in picture) 
 The anchoring device is approximately flush with the bottom of the needle, or 1 
mm shorter than the length of the needle as tested. This allows the anchoring device to 
come in contact with the PDMS as the needle pierces to the bottom of the mold. Prior to 
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angling the needle, the robot is once again lifted slightly to remove the force on the 
needle. As the needle tilts to initiate de-bonding, the anchoring device becomes 
compressed due to the shortened distance generated by the angle, as shown in Figure 42. 
The arc-shaped walls of the of the anchoring device all it to deflect under load, to apply 
an adequate amount of pressure to the PDMS to prevent air from escaping up the nearest 
back wall of the mold. 
 Results 
 The anchoring device, prevented flow up the wall nearest the needle, requiring the 
air to continue de-bonding until it reached one of the walls on either side of the needle. 
This led to de-bonds larger than any previous test, or consistently greater than 70 cm2. De-
bonded PDMS of this size is plenty large enough to enable suction peeling. However, the 
anchoring device prevents any de-bonding along the back wall. Given that this edge of the 
PDMS is first part to be lifted during peeling, suction peeling becomes unsuccessful. To 
solve this issue, the needle is angled the opposite direction of the initial de-bond while air 
pressure remains activated. This directs air toward the back wall, leading to complete de-
bonding across the width of the mold.  
 While de-bonding was successful in some earlier experiments, particularly for the 
angled needle, the anchoring device ensures that the de-bond is consistently large enough 
to enable suction peeling. 
 Needle De-bond Summary 
 An understanding of needle piercing and de-bonding characteristics was acquired 
in this section. Larger diameter needles, such as 14-gauge, resulted in greater de-bonding, 
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while being more durable, reliable, and safe. Larger diameter needles allow for a higher air 
flow rate at the same pressure, increasing the rate of de-bonding prior to air escaping from 
underneath the PDMS. The PDMS required at least 35 N to pierce the PDMS, and about 
30 N to continue penetrating the PDMS using a flat needle. The chamfered needle required 
slightly less force to pierce, however, the needle did not stop once contact with the mold 
was made, and instead continued to bend. This finding determined that a flat needle is most 
suitable for automation.  
 Experiments showed that needle placement and retraction speed alone did not 
provide reliable de-bonding. Instead, angling the needle directs the de-bonding inward, 
greatly increasing the area. To further maximize de-bonding area, a PDMS anchoring 
device was incorporated into the robot needle attachment. The anchoring device provided 
for consistently large de-bonded areas by preventing air from escaping up the mold wall 
nearest the needle. 
5.3 Suction Peeling 
 Once de-bonding is complete, the PDMS can be peeled and removed using suction 
cups. Suction cups are ideal for automation due to their versatility in peeling any sized 
mold, without requiring custom devices. Suction cups can lift or release PDMS simply by 
activating the air pressure. The suction cup can then be used on the next device. In contrast, 
mechanical devices used to peel PDMS will likely contain residue, which would need 
cleaning between operations. 
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 Design 
 For a suction cup to generate a suction force, a vacuum pump was used. The 
vacuum pump used in this work was a Piab VGS2010. The VGS2010 can accept a variety 
of suction cup shapes and sizes, however, a 25 mm diameter suction cup is adequate for 
testing a variety of mold sizes. The UR5 robot was equipped with pressurized air tubes for 
operating the end effector. A pressure of 60 psi was used for suction peeling as well. As 
with the robotic needle attachment, the suction cup was mounted to the robot using a 3D 
printed bracket. The air pressure of the robot travels through the tool plate, which allows 
for end effectors to be interchanged automatically. Figure 42 shows the suction cup 
attachment. 
 
Figure 42 - Suction cup robotic end-effector 
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 Suction Properties 
 Prior to automated testing of suction cup-based peeling and removal of PDMS, an 
understanding of the basic characteristics must be obtained. In order to peel the PDMS with 
a suction cup, the suction must be great enough to withstand the approximately 7 N 
generated in earlier tests, although this value will vary by mold. To test the maximum 
suction force, the robot lowered the suction cup to make complete contact with a bonded 
section of PDMS. Bonded PDMS was used to ensure that the grip of the suction cup will 
fail without the PDMS lifting. Air was then activated, and the robot was raised upward 
(normal to the surface of the mold) at 1 mm/s. The ATI sensor recorded 18 N of force, 
proving that the suction cup is capable of peeling PDMS if the peeling process was 
preceded by suitable de-bonding of the PDMS. After it was determined that the suction cup 
can peel the PDMS, the ideal placement of the suction cup on the PDMS and its motion 
must be determined. This is best done by operating the suction cup by hand, without it 
being attached to the robot.  
 The objective of the de-bonding process was to overcome the adhesion between the 
PDMS and the metal mold over as great an area as possible, to assist in peeling. However, 
the minimum extent of de-bonding to allow peeling must be determined. The suction cup 
was positioned with an increasing overlap over a de-bonded area of PDMS. After several 
tests, it was found that at least 50 percent of the suction cup must overlap the de-bonded 
PDMS, or the adhesive forces are greater than the suction forces. With an overlap of 
slightly less than 50 percent, the PDMS cannot be peeled. However, with over 50 percent 
overlap, the PDMS peels easily with little resistance, regardless of the peeling path of the 
suction cup. In order for the peel to travel the length of the mold pocket, the PDMS must 
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be continuously lifted upward, which causes the de-bonded section to propagate across the 
PDMS layer. When less than 50 percent of the suction cup overlaps the de-bonded PDMS, 
the pulling force is normal to a majority of the PDMS, preventing the initial lift of the 
leading edge. Instead, with more than 50 percent coverage, the upward pulling force 
quickly angles the PDMS, allowing for propagation of the de-bond. 
 Another critical aspect of suction cup placement is ensuring that it is not positioned 
over the hole in the PDMS created by insertion of the air needle. The hole allows the 
vacuum pressure to travel through, which creates a suction force between the PDMS and 
mold, preventing lifting. Alternatively, if the PDMS does occasionally initiate the peel with 
the suction cup over the hole created by needle piercing, the suction pressure will be lost 
and the PDMS will fall back down. This is the reason why successful de-bonding of a large 
area is critical. 
 Manual peel testing found that the suction cup can successfully peel in a variety of 
paths. However, the most natural technique involves rotating the suction cup while lifting 
upward slightly, similar to turning a page in a book. Once the suction cup is rotated to about 
45 degrees, traveling on a 45-degree path results in a successful peel without unwanted 
stresses on the PDMS. 
 Peeling 
 The suction cup based peeling process was automated using the robot teach 
pendant. The suction cup was first lowered to make complete contact with a de-bonded 
section of PDMS. The air pressure was then activated. The robot was then simultaneously 
lifted upward and toward its base by about 10mm, while rotating to a 45-degree angle. This 
lifts the PDMS layer’s leading edge, which requires nearly zero force due to the minimal 
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adhesion present after de-bonding. Once the leading edge is lifted, peeling of the bonded 
portion of the PDMS can proceed. This is performed by peeling along a straight 45-degree 
path upward over the mold. Figure 43 through Figure 45 show the three steps of peeling 
including the initial contact, rotation, and peeling. 
 
Figure 43 - First step of suction peeling. Robot lowers suction cup to PDMS and activates 
air pressure to generate vacuum 
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Figure 44 - Second step of suction peeling. Robot rotates to 45 degrees while lifting 
upward slightly to initiate peeling 
 
Figure 45 - Third and final step of suction peel. Robot travels in a straight line along a 
45-degree path to remove PDMS from the mold 
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 Figure 45 shows the bottom half of the suction cup at a steep angle relative to the 
PDMS. This is undesirable as it can lead to the suction cup separating from the PDMS, 
causing a failed peel. To address this concern, the suction cup continues tilting during the 
peel path. Therefore, after the initial tilt of 45-degrees, the suction cup continues tilting an 
additional 15 degrees throughout the peel path, finishing at a 60-degree angle (from 
vertical). This better aligns the suction cup and PDMS to mitigate separation of the suction 
cup from the PDMS during peeling. 
 Results 
 Using this peeling method, there were both successful and unsuccessful peeling 
attempts. The unsuccessful peels occurred when smaller areas were de-bonded, which 
required the suction cup to first peel the PDMS layer outward along the width of the mold 
pocket, before continuing to peel along the length of the mold in the direction of the peel 
path. This additional stress on the suction cup caused it to separate from the PDMS. This 
was addressed by incorporating the PDMS anchoring device to ensure a larger de-bonded 
area before air escaped from under the PDMS. Additionally, on wider PDMS layers, 
multiple suction cups across the width of the PDMS could be used simultaneously on the 
same robot attachment to distribute the load. 
 After the PDMS layer is peeled, it must be transported to an area for stacking and 
assembly into the multi-layer PDMS based microfluidic device. With one or multiple 
suction cups located only along the leading edge, the PDMS will bend downward due to 
gravity. This prevents the robot from placing the PDMS straight down onto a horizontal 
surface. Additional suction cups can be used on the other half of the PDMS layer to control 
the flexible device. This would require that the suction cups to either be located on the 
 79 
same robot attachment, or a second robot to perform the stacking process. Alternatively, 
the robot could be rotated as the PDMS is placed in the desired location, similar to a reverse 
peeling motion. While it would require a more advanced automation procedure, it would 
eliminate the need for an additional robot or a more complex custom robot attachment. 
 Suction Peeling Summary 
 The process of suction peeling is much more forgiving than the de-bonding step. 
As discussed earlier, de-bonding required precise steps to overcome the adhesive forces. 
In contrast, when successful de-bonding precedes the PDMS removal process, suction cup-
based peeling can be successful without requiring exact steps to be followed. However, the 
process can be optimized by peeling along a path that keeps the surface of the suction cup 
parallel to the surface of the PDMS. This ensures that there is equal force around the 
diameter of the suction cup, maximizing the lifting capacity and increasing the reliability 
for final automation. 
 The results in this chapter showed that the edge of the PDMS that was de-bonded 
could be lifted with ease, and could be rotated to prepare for the continuous peel across the 
entire length of the mold. Lastly, it was shown that the PDMS can be placed for stacking 
and assembly of the microfluidic device by reversing the peeling motion in order to lay the 




 This thesis discussed the challenges of microfluidic device production using 
existing (largely manual) methods, and proposed and investigated alternate methods and 
equipment for flexible automation using a 6-dof articulated arm robot. The manual methods 
currently used in photolithography-based microfluidic device production are impractical 
for automated production of microfluidic devices. To date, automation has not been 
achieved due to the innovation required to replace the manual steps, via a repeatable robotic 
process. 
 To first prepare the production process for automation, a more durable approach to 
molding must be used. Photolithography on silicon wafers is expensive, time consuming, 
and has a short lifespan. Machined metal molds have become more common, as they can 
be reused to produce the PDMS device layers. While there are guidelines for machining 
metals using the milling process, adequate machining procedures for producing a 
microfluidic device metal mold are lacking. This required experimentation to find suitable 
machining parameters. The standard recommended milling feeds and speeds for traditional 
cutting do not provide an adequate surface finish for use in microfluidic mold making. 
Instead, a slow feed rate of 5 in/min should be used, as it minimizes the feed per tooth, 
improving the surface finish of the mold. Additionally, the slower feed rate essentially 
eliminates tool deflection, further improving surface flatness. This feed rate, however, still 
allows for a for a reasonable machining time of approximately 30 minutes to an hour, 
depending on the mold dimensions. Higher spindle speeds also reduce the feed per tooth, 
lowering surface roughness. The Okuma CNC milling machine that was used for this work 
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had a maximum spindle speed of 12,000 rpm, although higher speeds could be beneficial. 
Achieving the smoothest surface with precise tolerancing is desirable, however, an exact 
baseline for these parameters have not yet been determined by the scientific community. 
 Most of the steps involved in PDMS preparation and curing involve simple tasks 
that are amenable to automation. However, automating the removal of the cured PDMS 
layer from the metal mold requires new methods and equipment have not been previously 
explored. This requires a deeper understanding of the PDMS as it is removed from the 
mold, followed by an investigation of methods to automate the peeling process. 
 Given the targeted market for the final microfluidic device production process, all 
equipment should be low cost, and, where possible, utilize readily available equipment. 
Initial attempted methods of peeling involved mechanical devices including embedded tabs 
and grippers. It was found that physical devices exert pressure on a large enough surface 
area to generate considerable adhesive forces. These forces prevent the PDMS layer from 
being separated from the mold. Attempts to minimize the contact area with the PDMS, 
such as with a bladed gripper, requires a level of precision that is unsuitable for robotic 
automation.  
 In order to prepare the PDMS for peeling, it must first be de-bonded to reduce the 
adhesive forces. Since it was found that mechanical devices are unable to reliably 
overcome the initial adhesion between the PDMS and the aluminum mold, air pressure was 
used instead. This thesis shows that by introducing pressurized air between the PDMS and 
mold, de-bonding can be achieved. The most practical method of introducing air is by 
completely piercing the PDMS with a dispensing needle through to the bottom surface of 
the mold. While de-bonding can occur by simply blowing air during needle retraction, a 
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more effective method incorporates an anchoring device to better direct the air to a large 
portion of the bonded PDMS to maximize the de-bonded area. 
 Following a successful de-bonding process, the PDMS can be peeled using a 
suction cup. Suction cups have no moving parts and can be used reliably and repeatedly. 
Additionally, suction cups do not damage the PDMS device, which could occur with other 
methods such as bladed grippers. In order to initiate a successful peeling process, the 
suction cup must be positioned so that at least 50 percent of the suction cup overlaps the 
de-bonded PDMS, without being placed over the hole from the needle pierce, or vacuum 
loss will occur.  On wider molds, such as a 127 mm mold, the use of more than one suction 
cup can better distribute the load, increasing the reliability of the peel. After peeling, the 
suction cup can transport the PDMS to the final stacking location, utilizing a reverse 
peeling technique to lay the peeled PDMS down.  
 This thesis has paved a path forward to final automation of microfluidic device 
production. Based on the literature search conducted for this thesis, previously, there are 
no known methods of completely automating the device production process. The 
innovative use of automated de-bonding and peeling techniques investigated in this thesis 
provide strong guidance for further development of automated microfluidic device 




 FUTURE DEVELOPMENTS 
 The overall objective of this research was to understand the exact methods required 
to replace the manual approach of microfluidic device production with a set of processes 
capable of robotic automation. There has been success in developing these methods, 
however, the robotic operations must now be optimized. The experimentation in this thesis 
was performed by programing the robotic with exact coordinates, which is not a reliable 
technique for final automation. More generally, automation for all steps in the production 
process must be created. This involves everything from PDMS mixing and pouring, 
through to final assembly bonding. 
7.1 Preparing PDMS and Molding 
 This thesis focused on the PDMS removal process, as it was the most 
technologically challenging step in the automation. However, for complete automation 
prepared for the end user, all steps must be programed and refined. Many of these steps are 
simple tasks for the robot but will involve additional equipment to carry out. First, the raw 
materials of the PDMS must be in a known location for the robot to lift and pour with a 
gripper. The ATI force sensor can be utilized to measure the proper amount of polymer 
and crosslinker. An end effector with a mixing attachment can then mix the PDMS. The 
PDMS container must then be placed in a vacuum desiccator with the gripper attachment, 
to remove air bubbles. After a set period of time, the PDMS is then ready to be poured in 
the mold, and then the mold transported to an oven for curing. To prepare the mold for de-
bonding and peeling, it must be secure to a table. Spring loaded fasteners may be useful in 
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quickly and easily positioning the mold. The PDMS is then ready for the de-bonding and 
peeling steps. 
7.2 Fully Automated De-bonding, Peeling, and Assembly 
 As discussed, the automation used during experimentation used the included teach 
pendant for coding exact coordinates. However, hard-coding points into the robot will not 
allow for versatile operation of various mold sizes. Instead, a program should be created to 
initialize the parameters at the start of the automation process. Zeroing the mold 
dimensions can be performed by positioning the robot end effector off to the side of a 
secured mold. With the height of the end effector below the top of the mold, it will travel 
toward the mold until a force is detected. This method can be used to determine the X and 
Y origin, as well as the length and width of the mold. With these dimensions, the robot can 
then be raised above the top of the mold and positioned near a corner or edge. The robot 
will then be lowered to determine the height of the mold, useful for finding the clearance. 
 Following the recording of origin and dimensions, de-bonding can proceed. Rather 
than programing a certain extent of “overlap” between the needle and the mold to generate 
the desired force, an optimized velocity-stop program can ensure that the exact desired 
piercing force is met. With the length and width of the mold pocket known, a corresponding 
peel and placement path can be generated. This is particularly associated with the length 
of the mold, as it involves how much the suction cup should rotate per unit length of the 
PDMS. This ensures that an ideal contact angle between the PDMS and suction cup is 
maintained. 
 Lastly, after the PDMS is placed down on a substrate, the bonding process must be 
programed. The most affordable method of bonding PDMS to glass or PDMS is using a 
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corona wand treatment. Corona treatment discharges plasma which bonds the molecules 
between the layers, securely enclosing the channels of the microfluidic device. Corona 
wands are handheld devices which can be gripped with the robot. The wand can then be 
passed above the surface in an optimized fashion to complete the microfluidic device 
production. 
7.3 User Interface 
 All of the tasks discussed in this chapter require the efforts of computer scientists 
to generate and refine the robotic programing. However, the end user will have expertise 
in the areas of biology and chemistry, rather than in computer coding. For automation to 
be suitable for these industries, a simple user interface (UI) must be created. The UI should 
involve simple start and pause options, as well as the ability to begin or repeat certain steps. 
 Automation of microfluidic device production is a valuable advancement in 
engineering. The completion of the contributions of this thesis will allow for reduced 
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